Background and Objective: Exercise is thought to reduce high-risk body fat, but intervention studies are frequently limited by short follow-ups and observational studies by genetic selection. Therefore, we studied the effects of a physically inactive vs active lifestyle on high-risk (visceral, liver and intramuscular) fat in twin pairs discordant for leisure-time physical activity habits for over 30 years. Design: A longitudinal population-based twin study. Subjects: Sixteen middle-aged (50-74 years) same-sex twin pairs (seven monozygotic (MZ), nine dizygotic (DZ)) with longterm discordance for physical activity habits were comprehensively identified from the Finnish Twin Cohort (TWINACTIVE study). Discordance was initially defined in 1975 and the same co-twin remained significantly more active during the 32-yearlong follow-up. Main Outcome Measures: Magnetic resonance imaging-assessed visceral, liver and intramuscular fat. Results: In within-pair analyses carried out after the adult life-long discordance in physical activity habits, the physically inactive co-twins had 50% greater visceral fat area compared with the active co-twins (mean difference 55.5 cm 2 , 95% confidence interval (CI) 7.0-104.1, P ¼ 0.010). The liver fat score was 170% higher (13.2, 95% CI 3.5-22.8, P ¼ 0.030) and the intramuscular fat area 54% higher (4.9 cm 2 , 95% CI 1.9-7.9, P ¼ 0.002) among the inactive co-twins. All the trends were similar for MZ and DZ pairs. Peak oxygen uptake was inversely associated with visceral (r ¼ À0.46, P ¼ 0.012) and intramuscular fat area (r ¼ À0.48, P ¼ 0.028), with similar trends in intrapair difference correlations (r ¼ À0.57, P ¼ 0.021 and r ¼ À0.50, P ¼ 0.056, respectively). The intrapair difference correlation between visceral and intramuscular fat was also high (r ¼ 0.65, P ¼ 0.009). Conclusion: Regular physical activity seems to be an important factor in preventing the accumulation of high-risk fat over time, even after controlling for genetic liability and childhood environment. Therefore, the prevention and treatment of obesity should emphasize the role of regular leisure-time physical activity.
Introduction
Some people may inherit a tendency for high body fat. 1 However, the main causes of the obesity epidemic seem to be environmental, as the genetic pool changes slowly. 2, 3 Abdominal obesity in particular is now recognized as a risk factor for cardiovascular and metabolic diseases as well as death. 4, 5 Trends toward higher waist circumferences are frequently reported around the world. [6] [7] [8] Visceral obesity is strongly linked to an altered metabolic profile, possibly along with the ectopic fat deposition. 9 Deposition of fat in the liver and muscle has a major role in the development of obesity-related health risks. 10 A physically active lifestyle is assumed to have a role in the prevention of obesity, although the results on the effect of physical activity on weight gain are somewhat conflicting. 11 The effect of relatively short-term exercise training in reducing total and abdominal fat is well documented by randomized controlled trials, [12] [13] [14] [15] but less is known regarding the effects of long-term physical activity on different body fat compartments. 10, 16, 17 Research in this area is challenging as, on the one hand, it is difficult to carry out long-term randomized controlled exercise trials, whereas, on the other hand, observational population-based follow-ups may include genetic selection bias. 18 Therefore, we carried out within-pair analyses in middle-aged same-sex twin pairs identified on the basis of their long-term discordance for physical activity and blinded to body composition data. By studying both monozygotic (MZ) and dizygotic (DZ) twin pairs, we were able to control for childhood environment and partially for genetic liability, as MZ co-twins share all and DZ co-twins share half of their segregating genes. Thus, in this study with a 32-year-long follow-up, we analyzed the effects of a physically inactive vs active lifestyle on body fat, in particular high-risk (that is, visceral, liver and intramuscular) fat, in twin pairs persistently discordant for physical activity.
Materials and methods

Subjects
Sixteen same-sex twin pairs (7 MZ pairs and 9 DZ pairs; 11 male and 5 female pairs, mean age 60 years) were comprehensively identified from the Finnish Twin Cohort (N ¼ 5663 pairs defined as healthy in 1981 18 ). The identification process was primarily carried out on the basis of physical activity data and the researchers were blinded to data on height, weight and other body composition characteristics.
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Discordance was based on a series of structured questions on leisure activity and physical activity during journeys to and from work. The leisure time (metabolic equivalent (MET)) index was calculated by assigning a multiple of the resting metabolic rate (intensity Â duration Â frequency) and expressed as a sum score of leisure time MET hours day -1 .
17,19-21
The discordance for physical activity was initially identified in the assessment carried out in 1975. Although we refer to the year 1975 as baseline, the discordance had most probably started earlier. The follow-up discordance for leisure-time activity was assessed in the following three stages. First, twin pairs discordant for physical activity in 1975 and also in the assessment carried out in 1981 were identified (165 out of 5663 pairs). Second, a retrospective follow-up interview on leisure activity (covering the years from 1980 to 2005 in 5-year intervals) was carried out. All the twin pairs for whom the discordance between the co-twins was found in at least four out of six follow-up time points were included for further studies (54 out of the 165 pairs). Finally, 16 twin pairs fulfilled all our study inclusion criteria, volunteered to participate in the study measurements and were discordant for leisure-time physical activity on the basis of the detailed physical activity interview conducted in 2007. 19 Validity data of physical activity questionnaire and interviews are available in our earlier reports. 17, 19 Altogether, there were four cross-sectional (1975, 1981, 2005 and 2007) and five retrospective time-points at which the active cotwins reported to have a higher physical activity level compared with the inactive co-twins (Po0.005 for all timepoints for the leisure MET index difference between inactive and active co-twins) ( Figure 1 Smoking habits and use of alcohol, together with other confounders, were collected with diary, questionnaire and interview methods as described earlier. 17, 21 Energy intake was assessed using a 5-day food diary. Zygosity was confirmed at the National Public Health Institute, Helsinki, Finland, by the genotyping of 10 informative genetic markers. This study was conducted according to the guidelines for good clinical and scientific practice laid down by the Declaration of Helsinki. The subjects were invited to attend a clinical examination and measurements in Jyväskylä, Finland, and traveled there so as to arrive the previous day. The body fat-related measurements were conducted the next day. The study was approved by the Ethics Committee of the Central Finland Health Care District, and all participants gave written informed consent. ).
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Magnetic resonance imaging of abdomen
The T1-weighted MR scans of the abdomen were performed using a 1.5-T scanner (GE Signa Excite HD CVI (General Electric Healthcare, Milwaukee, WI, USA)) with a torso phase-array coil using a 
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Assessment of liver fat score The liver fat score was calculated from a single slice image as the difference in mean signal intensity of six regions of interest between the in-phase and out-phase images. 23 The regions of interest, 1 cm 2 each in size, were placed in the following segments of the liver parenchyma: lobus caudatus (segment I), superior subsegment of the lateral segment of the left lobe (II), left medial segment of the left lobe (IV), superior subsegment of the anterior segment of the right lobe (VIII) and superior subsegment of the posterior segment of the right lobe (VII). 24 MRI has been shown to be a reliable method for assessing the liver fat content when compared with magnetic resonance spectroscopy (r ¼ 0.85, Po0.001).
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Magnetic resonance imaging of thigh Magnetic resonance imaging from the thigh was carried out with a matrix of 384 Â 256, field of view of 40 Â 28 cm, and T1-weighted fast spin echo sequence with a repetition time/echo time of 540/15.18 ms with 901 flip angle (FSE-XL PulsSeg.). A single axial image of the thigh was positioned at the midpoint of the femur lengthwise using the greater trochanter and head of the tibia as anatomical landmarks. Following the imaging, the areas of muscle, subcutaneous and intramuscular fat were segmented using OsiriX software (OsiriX Foundation). The midthigh intermuscular fat area has been shown to be associated with total intermuscular fat volume (r ¼ 0.60-0.72) 26 and insulin resistance risk. 27 In our study, a high correlation between intramuscular fat area and fasting blood glucose was found (r ¼ 0.54, P ¼ 0.031 and N ¼ 31).
Anthropometrics
The weight and height were measured barefoot in light clothing to the nearest 100 g and 0.5 cm, respectively. Waist circumference was measured midway between the spina iliaca superior and the lower rib margin and hip circumference at the level of the greater trochanters, both to the nearest half centimeter. 28 Body composition was determined after an overnight fast using an InBody (720) (Biospace, Seoul, Korea) eight-point tactile electrode multifrequency impedance plethysmograph body composition analyzer. Although dual-energy X-ray absorptiometry is generally regarded as a more valid method of assessing the percentage of body fat than bioimpedance, multifrequency bioimpedance analyses have in fact provided rather good assessments of fat mass in healthy subjects and in patients with stable water levels. [29] [30] [31] In our laboratory, the correlation coefficients for percentage of body fat between the multifrequency bioimpedance analysis and dual-energy X-ray absorptiometry were of a similar magnitude (0.55-0.78) within the different body mass index and physical activity groups irrespective of gender. 31 The precision of the repeated measurements during the same morning for percentage of body fat was 0.6% coefficient of variation (CV). In addition, percentage of body fat assessed by multifrequency bioimpedance analysis correlated well with measured serum leptin levels (r ¼ 0.72, Po0.001 and N ¼ 32).
Blood studies
Ten-h fasting plasma and blood samples for DNA analyses were collected by venipuncture after an overnight fast and after 15-min rest in a supine position.
Statistical analysis
Pairwise analyses were used to study differences between cotwins. First, we analyzed the results for all the twin pairs and then for MZ and DZ twin pairs separately to find out whether the trends were similar. The normality of variables was assessed by the Shapiro-Wilk test. Student's paired t-test was used for normally distributed variables. For non-normally distributed variables the Wilcoxon signed rank test was used. The symmetry test (STATA) was used for the categorical variables. In all, 95% confidence intervals (95% CIs) were calculated for the absolute mean differences between the inactive and active co-twins. Pearson's correlation coefficient was used for the intrapair difference correlations (N ¼ 16 pairs). When calculating individual-based correlations (N ¼ 32), the within-pair dependency of twin individuals was taken into account using the cluster option 32 of STATA. 33 The level of significance was set at Po0.05. Data were analyzed using SPSS 14.0 (SPSS Inc., Chicago, IL, USA) and STATA 8 (StataCorp LP, College Station, TX, USA) software.
Results
At baseline (1975), the active co-twins engaged in more leisure-time activity than the inactive co-twins (Po0.001), although the co-twins did not differ in anthropometrics or in work-related physical activity (Table 1) . After the follow-up, Long-term physical activity and high-risk fat T Leskinen et al no significant differences in daily energy intake, alcohol or tobacco use or in work-related physical activity were found between the inactive and active co-twins, although the significant difference in leisure time activity persisted (leisure time MET index difference 6.9 MET h day -1 , 95% CI À9.1 to 4.6, Po0.001). We also found that the inactive cotwins were less fit than their active co-twins (peak oxygen uptake difference 6.1 ml kg -1 min
À1
, 95% CI À9.0 to 2.7, Po0.001) ( Table 1) .
The most pronounced differences between the inactive and active co-twins' follow-up body fat distributions were seen in the ectopic and visceral fat depots ( Table 2 ). The magnetic resonance imaging-assessed liver fat score was 170% higher among the inactive co-twins (mean difference 13.2, 95% CI 3.5-22.8, P ¼ 0.030). Among MZ pairs alone, the inactive co-twins had as much as 435% higher liver fat score as compared with the active co-twins (26.1 ± 21.6 vs 6.0±8.2, P ¼ 0.028) (Figure 2a ). In addition, the inactive cotwins had 54% higher intramuscular fat area (4.9 cm 2 , 95% CI 1.9-7.9, P ¼ 0.002), 28% higher subcutaneous fat area (12.7 cm 2 , 95% CI À0.5 to 25.9, P ¼ 0.047) and a higher intramuscular-to-thigh subcutaneous fat ratio (0.07, 95% CI 0.02-0.12, P ¼ 0.015) in their midthigh. Again, the intramuscular fat difference was statistically significant among MZ pairs alone (13.7±5.6 vs 9.1±4.3 cm 2 , P ¼ 0.028) (Figure 2b ). The visceral fat area was 50% (mean difference 55.5 cm 2 , 95% CI 7.0-104.1, P ¼ 0.010) and abdominal subcutaneous fat area 25% (39.5 cm 2 , 95% CI À3.0 to 82.0, P ¼ 0.079) higher among the inactive co-twins than in their active co-twins (Figure 2c) . A trend toward a higher visceral-toabdominal subcutaneous fat ratio among the inactive co-twins was also found (0.18, 95% CI À0.001 to 0.36, P ¼ 0.051) ( Table 2) .
The inactive co-twins tended to have higher body weight than their active co-twins; the 6.5-kg weight difference between co-twins (95% CI À2.2 to 15.3, P ¼ 0.12) matched the 6.0-kg difference in fat mass (95% CI 1.0-10.9, P ¼ 0.015), although no difference in fat-free mass was found. The inactive co-twins had also a higher percentage of body fat (5.4%-units, 95% CI 2.0-8.8, P ¼ 0.004), with a similar trend obtained for MZ and DZ pairs Long-term physical activity and high-risk fat T Leskinen et al (Figure 2d ), a 6.3-cm higher waist circumference (95% CI À0.3 to 12.9, P ¼ 0.059) and a higher waist-to-height ratio (0.03, 95% CI 0.001-0.07, P ¼ 0.044) than their active cotwins (Table 2) . Visceral and intramuscular fat areas were strongly correlated both in individual twins (N ¼ 31) and using intrapair differences (N ¼ 15 full pairs) (r ¼ 0.55, P ¼ 0.007 and r ¼ 0.65, P ¼ 0.009, respectively). Similarly, liver fat score and visceralto-subcutaneous fat ratio were positively correlated in individuals (r ¼ 0.47, P ¼ 0.025 and N ¼ 32) and within pairs (r ¼ 0.49, P ¼ 0.057 and N ¼ 16 pairs). Physical fitness as estimated by peak oxygen uptake was inversely associated with visceral (r ¼ À0.46, P ¼ 0.012) and intramuscular fat area (r ¼ À0.48, P ¼ 0.028), with similar trends in intrapair difference correlations (r ¼ À0.57, P ¼ 0.021 and r ¼ À0.50, P ¼ 0.056, respectively).
Discussion
Our twin study marks a new step in efforts to understand how long-term physical activity affects obesity-related highrisk fat. Our carefully phenotyped twin pairs persistently discordant for physical activity represent an ideal model with which to examine the effects of an inactive vs active lifestyle on high-risk fat independent of (in MZ twins) or partially adjusted for genetic factors (DZ twins). Across a follow-up of more than 30 years, we showed that habitual physical activity could potentially prevent accumulation of high-risk (that is, visceral and ectopic) fat, even after controlling for genetic liability and childhood environment ( Figure 3 ). This is noteworthy because both participation in exercise and the accumulation of body fat may be genetically influenced. Our findings also support the idea of a causal link between leisure-time inactivity and the accumulation of metabolically high-risk fat.
Some, but not all, epidemiological studies have shown that physically active individuals are less likely to gain weight compared with inactive subjects. 11 However, according to randomized controlled trials, physical activity alone without diet control is associated with only modest weight reduction. 34 Importantly, it seems to be possible to reduce visceral fat by exercise without losing the weight. 12, 14, 16, 35, 36 Thus, it should be noted that physical activity seems to have beneficial effects on the accumulation of high-risk fat also in the absence of changes in body mass index. 10 Our study supports earlier findings on ectopic fat deposition in a state of positive energy balance. 9, 37, 38 Physical activity, by decreasing visceral fat, has been shown to decrease hepatic fatty free acid uptake. 39 Evidence has been obtained recently that reduced physical activity increases intramuscular fat. 40 Overall, physical activity is known to enhance muscle metabolism and insulin sensitivity, 41 thereby leading to improved muscle-fat crosstalk. 42 Our study gives compelling new evidence that long-term physical activity is associated with low liver and intramuscular fat accumulation independent of genes ( Figure 2 ). This is in agreement with earlier data from observational and short-term intervention studies. [43] [44] [45] However, this finding should be differentiated from the finding that storing lipids in intramyocellular lipid droplets may be a beneficial phenomenon among physically active subjects, 46 as we did not measure muscle intramyocellular fat. Long-term physical activity and high-risk fat T Leskinen et al
Two large prospective cohort studies have found that higher waist circumference is associated with increased risk for death independently of body mass index. 47, 48 Regular physical activity and normal weight have been shown to be associated with a reduced risk of all-cause mortality, cardiovascular disease and cancer. 49 Increased fitness has been shown to have similar effects independently of body weight status, 50 further underlining the importance of the long-term health effects of habitual physical activity. Our findings suggest that the lowering of the morbidity and mortality risk by active lifestyle may be because of the disproportionately large reductions in high-risk fat as compared with overall or subcutaneous fatness. In longterm physical activity, compared with inactivity, the body uses large amounts of fat as fuel in energy metabolism, and persistently active lifestyle seems to effectively reduce the accumulation of high-risk fat in the body.
Although our study was not designed or powered (because of the small sample size) to analyze the outcomes, more cases of type 2 diabetes and coronary heart disease were found among the inactive twins than among their active co-twins (see Table 1 ). We found that inactive twins had a lower highdensity lipoprotein-to-low-density lipoprotein cholesterol ratio (P ¼ 0.023) and higher fasting plasma glucose (P ¼ 0.041) compared with their active co-twins (detailed results not shown), again showing the metabolic benefits of a physically active lifestyle.
Strengths and limitations
This study has several strengths. As a result of the complete or close match for genes, age, gender and the intrauterine and childhood environment, the co-twin control study probably represents the best-controlled long-term study design available in humans in which adjustment can be made for genetic and familial factors. Our overall follow-up period was extremely long (32 years), covering most of the participants' mid-adult life. However, as observational follow-ups never truly start at the chosen baseline, we assume that the discordance for physical activity is of longer duration than our follow-up, and covers most of adulthood. Although we used validated methods to document leisuretime physical activity, 17,19 the subject's understanding on what is leisure physical activity may have changed over time. Therefore, our retrospective physical activity assessments may include more limitations than our detailed crosssectional physical activity questionnaires and interviews. However, all of our physical activity questionnaires and Figure 3 Illustrative example of high-risk fat accumulation in a physical activity discordant monozygotic (MZ) male twin pair. The active co-twin (on the right) had participated regularly in running, whereas his inactive co-twin (on the left) had been sedentary throughout the follow-up. Both co-twins had the same profession and employer. The inactive co-twin had a 74% higher visceral fat area, 150% higher intramuscular fat area and 63% higher fat mass.
Long-term physical activity and high-risk fat T Leskinen et al interviews clearly differentiated inactive and active co-twins in the intrapair analyses. At the end of the follow-up, we also carried out cardiorespiratory fitness tests. We were able to measure body fat compartments with modern methods, allowing us to estimate the deposition of the high-risk (visceral, liver and intramuscular) fat components also independent of genes ( Figure 3 ). For reasons related to our overall study protocol, 19 we used the bioimpedance method to assess body composition; this we regard as one of the limitations of our study despite the fact that the measurements were carried out in standardized conditions after an overnight fast. Baseline body fat was not measured apart from overall self-reported weight and height. Another limitation of the study is the small sample size, which was because of our strict criterion for activity discordance. Despite the fact that different persistent leisure-time physical activity levels are common, it is less common that co-twins of a twin pair have persistently different activity levels. Furthermore, the fact that it was difficult to observe substantial numbers of twin pairs significantly discordant for physical activity itself speaks for a genetic or familial basis for lifetime activity patterns. Owing to the small sample size of discordant pairs, it was not possible to analyze what is the minimum difference in the activity volume that has an effect on high-risk body fat. In addition, continuous objective physical activity volume monitoring throughout decades would have been impossible. More studies are needed to show the dose-response effects of leisure physical activity on high-risk body fat, related chronic diseases and mortality independent of genetic selection.
Conclusion
In conclusion, habitual physical activity seems to be an important factor in preventing fatness and, in particular, the accumulation of high-risk fat, even after controlling for genetic liability and childhood environment. Therefore, the prevention and management of obesity should include a strong component on the long-term maintenance of adequate levels of leisure-time physical activity.
